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While influenza A viral RNA is known to act as a template for the synthesis of both viral mRNA and complementary cRNA,
the latter has been observed so far only to function as an intermediate in replication and give rise to progeny vRNA
molecules. Here it is shown that the cRNA promoter is also capable of initiating viral mRNA synthesis, similar to
vRNA-promoted transcription adhering to the cap-snatching mode of primer recruitment. Detection of cRNA promoted
transcription required an inversion of the reporter gene coding sequence plus relocation of the viral polyadenylation signal.
Construction of cRNA promoter variants through RNA polymerase I reverse genetics allowed us to determine the RNA
polymerase-associated, base-paired conformation in a reporter gene read-out system. It again turned out to adhere to the
“corkscrew” model, similar, but slightly different in its binding interactions from the corresponding vRNA conformation. The
observation of two transcription reactions, initiated in either direction from influenza vRNA and cRNA template molecules,
allowed us to construct bicistronic, ambisense RNA molecules for simultaneous expression of two proteins from a single
segment of viral RNA. © 2001 Academic Press
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Eight RNA segments of negative polarity constitute the
genome of influenza A virus. In the infected cells these
virion RNAs (vRNAs) in a first step are transcribed by
associated viral RNA polymerase into viral mRNA mole-
cules of positive polarity, which in turn give rise to a
series of viral proteins. In a second step the parental
vRNA molecules are later replicated into copy RNA
(cRNA) molecules also of positive polarity, in a reaction
executed by the same viral enzyme (Beaton and Krug,
1986; Hsu et al., 1987; Shapiro and Krug, 1988; Fodor et
l., 1994; Klump et al., 1997). These two product RNA
species differ from each other at their 59 and 39 ends.
hile the cRNA molecules are exactly complementary to
RNA from the first nucleotide to the last, viral mRNA
olecules carry aberrant 59 capped sequences which
riginate from cellular mRNA molecules as a conse-
uence of the cap-snatching mechanism (Krug et al.,
989; Lamb and Krug, 1996), and their 39 ends are ex-
ended into poly-adenosine tails, equivalent to cellular
RNAs, but synthesized in a virus-specific reaction (Luo
t al., 1991; Li and Palese, 1994; Poon et al., 1999). The
echanism of the switch from one mode of RNA synthe-
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400is to the next is not well known yet, but is likely to
epend on increasing concentrations of viral nucleopro-
ein (NP), since cRNA as well as vRNA, but not mRNA
olecules are covered by NP and are present in the cell
s vRNP and cRNP complexes (Biswas et al., 1998; Mena
t al., 1999). The cRNA molecules function as replication
ntermediates and so far are only known to give rise to
rogeny vRNA molecules (Ishihama and Nagata, 1988;
rug, 1983; Krug et al., 1989; Lamb and Choppin, 1983;
cCauley and Mahy, 1983) in another process of com-
lete template copying.
All three different modes of RNA synthesis require
ntact 59 and 39 ends of the RNA template molecules,
which together act as specific binding sites for viral RNA
polymerase. Initiation of transcription or replication re-
quires a promoter region consisting of nucleotides 1–16
from the vRNA 59 end, and nucleotides 1#-1#5 from the
vRNA 39 end. The same sequences in complementary
cRNA are involved in initiation of vRNA synthesis, i.e.,
constitute the cRNA promoter (Lamb and Krug, 1996;
Flick and Hobom, 1999). Adjacent positions 17–22 at the
vRNA 59 end are required for viral mRNA polyadenylation
(Poon et al., 1999), and the terminal vRNA promoter
region is in addition also recognized in packaging of
virion-destinated vRNP complexes, i.e., no separate
packaging signal outside the promoter region is detect-
able (Tchatalbachev et al., 2001).
The functional analysis of the influenza viral RNA pro-
moter via reverse genetics in vivo has lead to the pro-
posed “corkscrew” model for the 59 and 39 vRNA terminal
ections in their coordinate binding to viral RNA poly-
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401INFLUENZA cRNA PROMOTERmerase (Flick et al., 1996; Flick and Hobom, 1999). In
addition, various base-pair exchanges according to that
odel have not only restored promoter function, but
esulted in increased levels of promoter activity, in par-
icular when positions 3# and 8# in the 39 branch or 3 and
8 in the 59 branch of the vRNA promoter structure were
involved in such complementary double exchanges.
Among these promoter mutations, the promoter-up vari-
ant sequence as originally constructed for plasmid
pHL1104 (3# :8# G:C converted into 3# :8# A:U, plus single
nucleotide exchange U5#C; Neumann et al., 1995) has
again been inserted here in RNA polymerase I vRNA-CAT
expression plasmid pHL1844, which was employed as a
reference construct throughout. Relative CAT activities
measured in reference to pHL1844 allowed a more reli-
able determination of the various promoter mutants than
did measurements in comparison to corresponding wild-
type promoter constructs, which showed larger fluctua-
tions at considerably lower levels of CAT activity.
Since the 59 and 39 terminal sequences as present in
omplementary cRNA molecules are largely identical to
he vRNA termini constituting the vRNA promoter struc-
ure (in particular for the 1104 promoter variant), the
onformation of the cRNA promoter in its binding to viral
NA polymerase might be expected to adhere to a sim-
lar corkscrew model. The remaining difference between
he vRNA and cRNA terminal sequences at least within
he 1104 promoter variant concerns the presence of an
xtra unpaired A10 residue in the vRNA 59 branch, which
is converted into an unpaired U1#0 residue in the cRNA
promoter 39 branch. An extra “bulge” nucleotide is re-
quired in that position for the vRNA promoter activity,
even though 59-A10 may be substituted by any other
nucleotide without loss of transcription or packaging
function (Flick et al., 1996). While the cRNA structure
arrying instead an extra nucleotide at position 1#0 in the
9 branch is also recognized by the same polymerase
ven if differently (Gonzales and Ortin, 1999), its activated
onformation required during interaction with that en-
yme remained to be determined.
Experimental analysis of the polymerase-bound cRNA
romoter structure requires development of a system for
irect transcriptional read out and construction of series
f site-directed mutations of sequence positions involved
n that promoter activity. While influenza virus cRNA is
nly known so far to be involved in replication, the failure
o far to detect cRNA transcription products if they would
ndeed exist in infected cells is easily explained since
hese would be antisense in orientation and have irreg-
lar 39 ends, as the cRNA template does not include a
iral polyadenylation signal, i.e., a sequence of five to six
ridine residues next to its 59 terminal promoter se-
uence. However, upon inversion of the reading frame of
nserted reporter genes CAT or GFP together with relo-
ation of that U5–6 signal element from the vRNA 59 end to
he cRNA 59 end the expected cRNA transcription prod-cts have indeed been recognized via resulting synthe-
is of proteins and their enzymatic or fluorescence ac-
ivity.
RESULTS
ranscription of wild-type and promoter-up template
RNA molecules
Reconstruction of the RNA polymerase I plasmid
DNA constructs was done via inversion of the CAT
eading frame together with the adjacent T6 (U6) viral
RNA polyadenylation element. Effectively, exchanging
he sixteen 59-terminal viral cDNA insert base pairs for
he fifteen 39-terminal insert base pairs and vice versa
as executed. The transcripts originating from such
lasmid construct constitute cRNA molecules apt to
erve as templates in viral mRNA synthesis. In a first
ound that reconstruction recipe has been executed for
he cRNA wild-type (pHL2708) and cRNA-1104 promoter
ariant (pHL2583) sequences, both of which resulted in
AT activities in the DNA-transfected and helper virus
nfected 293T cells at 6 and 32% activity relative to the
eference vRNA-1104 promoter plasmid level (pHL1844),
espectively. Similar to the result obtained for wild-type
RNA promoter constructs, the wild-type cRNA promoter-
ontrolled expression dropped upon viral passage into
DCK cells below recognition levels (in the absence of
election), while the cRNA-1104 promoter-up construct
howed an increase in expression up to 55% of the
RNA-1104 expression rates (see Fig. 1). Again, a similar
ffect is observed during viral passage(s) of vRNA-1104
romoter constructs (Flick et al., 1996). This has been
ascribed to an enhanced level in promoter-controlled
initiation of replication, overcoming any losses resulting
from an increase in the production of genetically defec-
tive recombinant particles unable to produce any prog-
eny in infected cells. That analogous increase in tran-
scription rates as well as replication rates for both the
cRNA and the vRNA promoters upon the same base-pair
exchange G:C to A:U in one of the proposed corkscrew
stems suggests, but does not yet prove, that our vRNA
conformational model is also valid for the cRNA promoter
structure. For further confirmation a series of single- and
double-nucleotide substitutions has been carried out
within the constitutive structural elements of the cRNA
promoter.
Nucleotide substitution analysis in the distal element
of the cRNA promoter
The distal element of the vRNA or cRNA promoter
consists of on average six base pairs that are formed
between complementary nucleotides 11 and 16 in the 59
branch and 1#0 to 1#5 in the 39 branch of the vRNA
molecules and presumably in identical structure also
between nucleotides 10 and 15 in the 59 branch and 1#1
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402 AZZEH, FLICK, AND HOBOMto 1#6 in the 39 branch of influenza cRNA molecules (see
Fig. 2A). Out of these six base pairs three are observed
to vary naturally between individual influenza RNA seg-
ments in complementary double substitutions. There-
fore, only the three naturally invariable vRNA base pairs
(11–13/1#0–1#2) have been demonstrated experimentally
to restore vRNA promoter function following complemen-
tary double substitutions, while either single nucleotide
substitution variant is inactive (Flick et al., 1996).
A similar analysis of serial single- and double-nucle-
otide substitutions has been carried out for cRNA tem-
plate promoted transcription, out of which the series
concerning cRNA base-pair 11/1#2 is presented in Fig. 2B.
Whereas any single substitution disrupting the potential
for base pairing leads to loss of function, all complemen-
tary double substitutions such as G/C to A/U result in
regaining promoter activity. While these data confirm the
requirement for base pairing in the distal cRNA promoter
element and much like the vRNA promoter suggests
recognition by viral polymerase of a six base-pair dou-
ble-stranded RNA rod without a specific interaction with
any invariable nucleotide position in this region, some
differences between the two analyses may be pointed
out.
FIG. 1. CAT activity of wild-type and 1104-variant cRNA promoted
transcription. (A) CAT activities in 293T cells at 26 h after transfection
with plasmid DNA and 12 h postinfection with FPV helper virus. CAT
activities as obtained using 50 ml of the cell lysate are shown here
hroughout, while diluted samples have been used for relative activity
alculations. Complementary nucleotides as present in the wild-type
WT) and variant (1104) vRNA (v) or cRNA promoters (c) at 59 positions
and 8 are indicated above the lanes. (B) CAT activities in MDCK cells
fter a first step of viral passage, i.e., at 10 h after infection with the
upernatants as obtained from the 293T cells in (A). Plasmid pHL1844
odes for 1104 vRNA promoter variant 3#/8# : A/U (via replication con-
erted into cRNA 3/8: U/A), which is used here as a standard reference.
romoter variant 1104 in addition carries nucleotide substitution U 5#C.
ndividual group of experiments representative of over five repetitions.In the vRNA promoter analysis single substitutions
resulting in a vRNA-G:U mismatch within that base-
s
tpaired distal element were observed to maintain a mod-
erate level of promoter activity, which was increased
during viral propagation (Flick and Hobom, 1999). That
activity was entirely lost in the equivalent cRNA promoter
constructs (see Fig. 2B, lane 6). Such a difference ap-
pears to reflect on one hand the immediate use of the
single parental vRNA-G:U template molecule in infected
cells for repeated rounds of transcription, as opposed to
the requirement in the cRNA case for a successful initial
round of replication despite a vRNA template molecule
disrupted in its 6-bp element due to a central A z C
mismatch. Only a resulting G:U-containing cRNA mole-
cule would be ready to be used as template for cRNA-
G:U promoted mRNA synthesis. However, a vRNA carry-
ing an A z C mismatch in this position is known for its
inactivity in vRNA transcription and replication or viral
passage.
Short-range base pairing within the cRNA promoter
proximal element
The most prominent feature of the corkscrew model as
proposed earlier for the vRNA promoter in viral polymer-
ase binding is the presence of 2 3 2 short-range base
pairs within each of the terminal 59 and 39 sequences of
nine nucleotides (2:9; 3:8), which serves to expose both
intervening tetranucleotide sequences (positions 4 to 7)
in single-stranded fashion (Flick et al., 1996). The same
set of base-pairing interactions has been analyzed for
the cRNA promoter, again through single nucleotide and
complementary double-nucleotide exchanges, both for
the 39 and the 59 branch in the proximal promoter sec-
tion. As expected, compensating double-nucleotide ex-
changes within the proposed 3# :8# base-pairing positions
in the 39 branch are indeed able to restore the cRNA
promoter function, which had been lost in several corre-
lated single-nucleotide substitution variants (as repre-
sented in one example in Fig. 3A, lane 4). Similar to the
vRNA analysis, the resulting promoter activities differ for
the various base pairs introduced in positions 3# :8# (see
Fig. 3B). While the levels of activity achieved upon such
base-pair exchanges are different in detail from the cor-
responding vRNA base-pair exchange data, in both se-
ries an A:U base pair yields the highest promoter activity
when inserted in positions 3# :8# , and the U:A variants
come close to it.
In both the vRNA and the cRNA promoter series an
exceptional type of single-nucleotide substitution variant
is observed to maintain a moderate level of activity,
enhanced in recombinant viral passage. While this ob-
servation is true within the vRNA promoter 59 branch 3:8
series for the U:G variant (Flick and Hobom, 1999), in the
3# :8# cRNA promoter nucleotide substitution series it is the
A z C mutation and not the G:U variant that shows aimilar result (Fig. 3A, lane 6). Both however correspond
o each other, since in both cases the same infecting
b
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403INFLUENZA cRNA PROMOTER3:8-U:G vRNA molecule of moderate stability is converted
effectively into a population of A z C mRNA as well as A z
C cRNA molecules, before the latter are transcribed—
with reduced efficiency—into the corresponding viral
mRNA species, as observed here. An oppositely mis-
matched construct apparently suffers from its A z C vRNA
m.o.i. 1 bottle-neck starting situation, and the potentially
more stable U:G cRNA state might not be in reach for that
single-mismatched vRNA template molecule, for which
its inactivity in transcription and replication or viral pas-
FIG. 2. Nucleotide substitution analysis in the distal cRNA promoter
promoter sequence: Nucleotides 1–9 in both branches constitute the p
ranch represent the distal element of the cRNA promoter. Residue
ubstitutions are shown in Figs. 1–3. (B) Single- and double-nucleotide
rom the MDCK cell lysates at 12 h postinfection with recombinant viru
nfected 293T cells (i.e., first viral passage). The results obtained for the
alculated relative to control plasmid pHL1844, a CAT-vRNA promoter c
erial dilutions of the cell lysates. The constitution of positions 11 andsage has been demonstrated (Flick and Hobom, 1999).
An equivalent nucleotide substitution series for 59 3:8base-pair U:A in the pHL1104 (59-G5) background re-
sulted in loss of function upon any single-nucleotide
exchange, but different from the respective vRNA pro-
moter series also failed to regain useful promoter activ-
ities when complementary double exchanges were per-
formed (data not shown). However, an absolute require-
ment for the most active structure carrying base-pair U:A
in that position has been observed only in the presence
of a guanine residue in tetranucleotide loop position 5 as
maintained in the 1104 variant series, while an adenine
nt. (A) “Corkscrew” conformation as proposed for the wild-type cRNA
element, while nucleotides 10–15 in the 59 branch and 1#1-1#6 in the 39
ark boxes indicate those nucleotide positions for which nucleotide
nges at base-paired positions 11 and 1#2. CAT activities as measured
arations resulting from plasmid DNA transfected and FPV helper virus
ell lysates are noted in parentheses below. All CAT activities have been
t, employing the 50 ml cell lysates as shown, plus reactions done with
indicated above the lanes for each plasmid.eleme
roximal
s in d
excha
s prep
293T cresidue in position 5 as is present in the wild-type se-
quence resulted in active, even if somewhat lower, ex-
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404 AZZEH, FLICK, AND HOBOMpression rates for alternative C:G or G:C base pairs in
3:8, as represented by the wild-type sequence itself, i.e.,
3:8–C:G (see Fig. 1). This came as a surprise, since the
vRNA promoter variants bearing a C residue in 39 posi-
tion 5# (converted into a G residue in the corresponding 59
cRNA position 5) had been determined to be superior in
vRNA CAT transcription and in overall propagation over
the equivalent constructs carrying a uracil residue in 39
osition 5# (converted into A5 in cRNA; see pHL1104 and
HL1102 in Neumann and Hobom, 1994). Therefore, the
9-G5 cRNA-constructs had been used initially through-
ut most of these cRNA promoter studies.
ACE analysis of the 59 ends of cRNA transcription
nd replication products
Transcription of viral template RNA molecules is
nown to be initiated by a cap-snatching process which
mploys heterogeneous primer oligonucleotides ob-
ained from cellular mRNAs through viral endonuclease
ction. In this reaction scheme the PB2 subunit of viral
NA polymerase recognizes and binds to the 7mGpppG-
Nm cap structure at the 59 end of host cell mRNA
olecules (Ulmanen et al., 1981; Nichol et al., 1981;
raam et al., 1983), while the transcription of vRNA tem-
lates is initiated through primer hybridization and cleav-
ge, and consecutive primer extension by subunit PB1. In
FIG. 3. CAT analysis of single and double substitutions in the 39 proxi
noncompensating substitutions (shown above each lane) in positions 3#
are shown as obtained from 50 ml of the MDCK cell lysate after 10 h p
ollected from 293T cells, which were plasmid transfected and helper
eference construct pHL1844. (B) CAT analysis of a series of compen
lement, regarding positions 3# and 8# . CAT activities were measured in
AT activity calculations see Fig. 1.ontrast initiation of replication, i.e., synthesis of cRNA
olecules, along the same vRNA template does notequire any primer molecule, and the replication process
s initiated at the first nucleotide of the vRNA template
nd continues up to the last one.
As shown above, upon rearrangement of downstream
lements it can be demonstrated that cRNA template
olecules do not only play a role during replication, but
ere also used for transcription into mRNA molecules (at
igher rates in promoter-up variants), opposite in orien-
ation relative to standard viral mRNAs. This leaves the
uestion of whether initiation of cRNA transcription sim-
larly employs a cap-snatching mechanism. To answer
hat question, we used the RACE technique (rapid am-
lification of cDNA ends; Frohmann et al., 1988; Hirz-
ann et al., 1993), by which the cDNA resulting from a
everse transcription reaction either of purified mRNA or
f total RNA obtained from infected cells was dG-tailed
nd amplified by PCR. In this step an internal primer
omplementary to the CAT coding sequence was used
ogether with primer dC12, which binds to the terminal
dGn-tailing sequence. In most cases the first PCR ampli-
fication reaction was followed in a half-nested fashion by
a second round with another, more proximal CAT com-
plementary primer together again with the dC12 anchor
primer. Finally, the mixture of PCR fragments was
cleaved at primer-internal restriction sites, cloned into
A promoter element. (A) CAT activities of selected examples of single,
n the 39 branch of the proximal cRNA promoter element. CAT reactions
ction with the supernatant (containing the recombinant virus progeny)
nfected. CAT activities were measured relative to standard vRNA-CAT
double substitutions in the 39 branch of the proximal cRNA promoter
cell lysates after the first viral passage; for the procedure of relativemal cRN
and 8# i
ostinfe
virus i
satingvector pBluescript II SK (1), and sequenced individually.
The 59 termini of cDNA clones representing the original
si
p
(
p
d
j
o
r
e
t
q
t
m
s
s
n
4
m
v
m
t
f
t
ion of i
promo
405INFLUENZA cRNA PROMOTERviral mRNA or vRNA molecules are marked by the C12 tail
equence present ahead of them.
The RACE procedure was executed for MDCK cells
nfected by recombinant cRNA promoter construct
HL2583 carrying the standard promoter-up sequence
see Fig. 2A), and for ambisense cRNA construct
HL2891 with the same promoter-up variant, but in a
ifferent structural arrangement within the promoter-ad-
acent region (see below). A majority of RACE clones
btained and sequenced according to that procedure
esulted from vRNA molecules, i.e., these contained the
xact 59 terminal sequence without any extension. Fif-
een clones were found to contain a perfect cDNA se-
uence and be heterogeneously elongated at their 59
ermini; these were interpreted to result from mRNA
olecules of the same polarity. The 59 extensions ob-
erved varied between 3 and 21 nucleotides of foreign
equence different in each case, elongations of seven
ucleotides in size were found most frequently (see Fig.
). From these results we conclude that the cRNA pro-
oter-controlled initiation of transcription similar to
RNA promoted transcription follows the cap-snatching
ode of viral polymerase action. From the results ob-
ained after starting out with a preparation of total RNA
FIG. 4. 59 RACE analysis of viral mRNA molecules resulting from t
pHL2583 and pHL2891, both containing the 1104-variant promoter seque
observed by sequencing across the 59 boundaries of individual clones
of transfected 293T and MDCK cells. 59 extensions consist of a collect
extensions as observed earlier for viral mRNA molecules under vRNArom infected cells, we calculate that the ratio of replica-
ion to transcription products for the cRNA promoter-controlled initiation reactions was around 10:1 at 10 h
postinfection.
Expression of two gene products from bicistronic
ambisense RNA molecules
The observation of cRNA-promoted transcription in
addition to standard vRNA-directed transcription of viral
mRNAs suggests the potential for bidirectional transcrip-
tion products to be obtained from the same influenza
RNA segment. If accordingly constructed, two gene prod-
ucts might be obtained that originate simultaneously
from a single bicistronic molecule in ambisense genetic
organization. As a prerequisite for both viral mRNA tran-
scription processes to go to completion, U6 viral polyad-
enylation signals have been inserted at both 59 promoter-
adjacent positions. The two 59-U6 signals in vRNA and in
cRNA orientation convert into corresponding A6 se-
quence elements in both 39 subterminal positions and
together with opposite 59-U6 sequences result in exten-
sions of both double-stranded distal promoter elements
by an additional, at least potentially, base-paired section
of A6:U6 (see Fig. 5B). Different from the promoter struc-
ture itself, that extension might not be covered by asso-
ciated RNA polymerase.
tion initiation at the cRNA promoter. The cRNA promoter constructs
ere used for DNA transfection of 293T cells. Sequence extensions were
d from the RACE analysis, which started out from mRNA preparations
ndividual sequences, which are not of viral origin, equivalent to the 59
ter control (Krug et al., 1989).ranscrip
nce, w
deriveAs a general principle the orientation of all these
constructs within the RNA polymerase I expression plas-
h recom
406 AZZEH, FLICK, AND HOBOMmids has been chosen in such a way that the primary
RNA species synthesized by the cellular enzyme would
be the cRNA molecule. While the cRNA-promoted tran-
scription will then occur in a single step with viral RNA
polymerase provided by the FPV helper virus, expression
of vRNA-promoted transcription from these ambisense
RNAs requires conversion of cRNA molecules into
vRNAs by replication as a prerequisite. That choice re-
flects the inferior initiation rates for the cRNA promoter
relative to the vRNA promoter, at least in transcription.
However, in passaging recombinant viral progeny to an-
other cell, that order of transcription events is indeed
inverted, since it is the vRNA molecule that becomes
FIG. 5. Activity of the vRNA and cRNA promoters at the ends of the
present in the RNA polymerase I expression plasmid, in between the fl
conformation of the ambisense vRNA and cRNA promoters, controllin
expression analysis of two pairs of ambisense RNA constructs as obs
CAT-coding mRNA is either controlled by the vRNA promoter (v) or the
Reference plasmids pHL1844 and pHL2583 contain a standard vRNA
activities in lysates obtained from MDCK cells, which were infected wit
supernatants at 10 h p.i.packaged and hence is available first in the infected cell.
To analyze the abovementioned necessary rearrange-ments in the promoter-adjacent section independent
from any additional changes in the insert region, we first
inserted only the monocistronic CAT reporter gene in
between such reconstructed, i.e., ambisense, promoter
elements in either orientation, for expression by that
altered vRNA or cRNA promoter, respectively. That pair of
plasmid constructs, pHL2959 and pHL2957, therefore, is
directly comparable with reference plasmids pHL1844
and pHL2583 carrying standard vRNA and cRNA promot-
er-up sequences, respectively, i.e., without adjacent
U6/A6 extensions as present in the two ambisense pro-
moter constructs. Only mild reductions in CAT activity are
observed in that comparison (see Fig. 5C, lanes 4 and 5).
AT ambisense viral RNA molecule. (A) cDNA template sequence as
rDNA promoter (pI) and terminator (tI) regions. (B) Activated corkscrew
is case (pHL2989) GFP and CAT transcription, respectively. (C) CAT
n DNA-transfected and helper virus infected 293T cells. Expression of
promoter (c), both in ambisense design as indicated above the lanes.
cRNA (c) promoter variant instead, in nonambisense design. (D) CAT
binant virus preparations as present in corresponding (see (C)) 293TGFP/C
anking
g in th
erved i
cRNA
(v) orIn the next step a second reporter gene, GFP, has been
added in overall ambisense arrangements with CAT
407INFLUENZA cRNA PROMOTERyielding a pair of complete ambisense constructs,
pHL2960 and pHL2989, in which CAT expression is con-
trolled by the vRNA or cRNA promoter, respectively, and
vice versa for the GFP coding mRNA synthesis. While
CAT expression is observed in either direction (see Fig.
5C, lanes 6 and 7), GFP fluorescence is prominent only in
pHL2989 transfected cells, i.e., when controlled by the
vRNA promoter, and is not easily observed in pHL2960-
transfected cells, when connected to the cRNA promoter
in these ambisense expression constructs (not shown).
Both types of bicistronic vRNA molecules are included in
the packaging process, however, and become accumu-
lated in viral passaging (Fig. 5D).
The reduced expression of ambisense construct
pHL2989 relative to pHL2957 may be due in part to the
increase in insert size, ;1550 relative to ;750 nucleo-
tides. More specifically, however, it may result from the
presence of two viral mRNA molecules in the infected
cell that are complementary to each other over their
entire lengths. Also, in their distal halves these mRNAs
will not be associated with ribosomes engaged in trans-
lation, thereby potentially interacting with each other and
causing the formation of double-stranded RNAs. This
would result in a reduction of the effective mRNA con-
centrations, in particular, for the minority species, i.e., the
cRNA-promoted transcription product. To interfere with
that reaction we have introduced two pairs of splice
signals into the ambisense RNA sequence, in a position
and orientation able to remove the 39 nontranslated and
antisense sections within both mRNAs, and only leave
the 59 translated halves in direct connection with the
terminal 39 poly(A) tail sections. However, not much im-
provement in the CAT expression rates was observed in
the respective construct, pHL3145, in comparison to
pHL2989 (33% instead 21% activity relative to reference
pHL1844, not shown). Possibly, the pre-mRNAs while
involved in the splice processes may be maintained and
accumulated locally in the nucleus, resulting even in a
promotion of double-strand formation, which then might
compensate for any reduction of hybridization achieved
through removal of the distal halves of both mRNAs.
However, even with that problem remaining for further
improvement, the expression rates achieved so far not
only in vRNA-promoted, but also in cRNA-promoted, am-
bisense transcription are clearly above the vRNA wild-
type promoter expression rates, and the bicistronic re-
porter gene segments are accumulated during viral pas-
sage in the absence of selection, which proves their
efficient replication.
DISCUSSION
While influenza virus cRNA molecules are well known
as replication intermediates, serving as templates for the
synthesis of progeny vRNA molecules, they are shown
here for the first time to also have the capacity to initiateantisense viral mRNA transcription. The observed initia-
tion of transcription at the cRNA promoter and its vari-
ants, a process different from initiation of replication and
requiring 59-cap containing oligonucleotide primers of
cellular origin, completes the functional analogy with the
influenza vRNA promoter, which is known for its dual
activities in replication as well as transcription (Krug et
al., 1989; Lamb and Krug, 1996). While detection of the
principle capacity for transcription initiation at the cRNA
promoter was made possible here through inversion of
the reporter gene coding sequence and relocation of the
viral 39 polyadenylation signal, these measures would
not directly influence the initiation reaction as such.
Antisense transcription of unaltered cRNA segments and
the function if any of resulting mRNA-like molecules
during wild-type influenza virus propagation remain to be
determined.
Setting up a system for studying cRNA promoted tran-
scription was undertaken as a prerequisite for analyzing
the activated state of the cRNA promoter, i.e., in viral RNA
polymerase association. Even though infected cells
roughly contain populations of vRNA vs cRNA molecules
in a 10:1 ratio (Mukaigawa et al., 1991), the cRNA pro-
moter structure could be determined in the presence of
that surplus amount and overlapping structure of vRNAs,
because of its direct connection with a reporter gene
transcription unit in the respective orientation. Helpful in
this regard was the synthesis of cRNA molecules rather
than vRNA molecules by RNA polymerase I after plasmid
cDNA transfection due to the orientation of the cDNA
insert.
From a series of single- and double-nucleotide substi-
tutions according to expected complementary interac-
tions in the proximal and distal promoter elements, we
conclude that the influenza cRNA promoter in its binding
to viral polymerase is adhering to the corkscrew model.
While this result resembles the interaction of vRNA mol-
ecules with viral polymerase (Flick et al., 1996; Flick and
Hobom, 1999) in principle, there are a number of differ-
ences in detail in structure as well as function. The
fundamental difference in structure between the terminal
cRNA and vRNA sequences consists of an extra, un-
paired nucleotide U1#0 in the 39 branch instead of an
unpaired A10 in the 59 branch, located in between the
base-paired proximal and distal structural elements (see
Fig. 2A). While that extra nucleotide right in the center of
the promoter sequence is not itself directly and specifi-
cally recognized by viral polymerase, it is expected to
create a bulged overall conformation at the connecting
element between the two rigid structures to its left and
right, recognized by viral polymerase in their particular
size and orientation. This is supported by the observation
that both a deletion and a duplication of that angular A10
adenosine through insertion of another A residue next to
it renders the resulting promoter variant completely in-
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408 AZZEH, FLICK, AND HOBOMactive, while nucleotide substitution derivates in position
10 are viable (Flick et al., 1996).
In comparison it is surprising that an inverted orienta-
tion of that bulged promoter conformation due to that
extra nucleotide in position 39-U1#0 instead of 59-A10 is
recognized with almost similar efficiency by the same
protein, viral polymerase. However, it has been shown
that vRNA and cRNA molecules are interacting with dif-
ferent and widely separated binding sites within the PB1
subunit polypeptide chain (Gonzales and Ortin, 1999).
Also widely separated and overlapping with the two
vRNA promoter binding sites are the two polypeptide
positions involved in vRNA 59-terminal and 39-terminal
UV-crosslinking reactions in vitro (Li et al., 1998). These
observations appear to be reflected in our data regarding
the functional deviations in detail between the vRNA and
cRNA nucleotide substitution analyses, which concern in
particular the 59-proximal branch of either promoter se-
quence. In this regard, the absolute requirement for nu-
cleotide 59-G5 in the vRNA single-stranded tetranucle-
otide loop sequence suggesting a direct interaction with
polymerase appears to be converted in the cRNA pro-
moter into an alternative requirement for 59-A5 or 59-G5
instead, with preference for A5. The vRNA wild-type se-
quence is indeed heterogeneous with regard to the pair
of nucleotides 59-G5 and 39-U 5# , since the latter converts
into 59-A5 in cRNA. The binding profiles for the other, less
strictly defined positions in the cRNA single-stranded
tetranucleotide loops (4–7/4#–7# ) remain to be determined
through nucleotide substitution analyses. Here, the two
different PB1 binding sites may be expected to yield
further differences between the cRNA and vRNA require-
ments for specific recognition by polymerase. Divergent
interaction of vRNA and cRNA termini with viral polymer-
ase also leads to packaging only of vRNP and not of
cRNP molecules into progeny virions (Tchatalbachev et
al., 2001).
A number of quantitatively different results obtained
for equivalent substitutions in the cRNA vs vRNA pro-
moter structure (see Figs. 2A, 2B and 3A, 3B) also sup-
port the interpretation of a direct observation of cRNA-
promoted transcription. Since in the infection cycle cRNA
template molecules become available only through
vRNA replication as a prerequisite, this requirement
leads to divergent consequences in the special case of
G:U/A z C mismatched pairs of derivatives as described
under Results.
In combining cRNA transcription with vRNA transcrip-
tion in bicistronic segments in ambisense genetic orga-
nization, two problems had to be overcome. Introduction
in both directions of viral polyadenylation signals: U5–6 in
adjacent positions relative to the 59 promoter sequences
esulted in an extra five to six A:U base pairs, effectively
xtending the double-stranded distal promoter element
y that number of (potential) base pairs. Apparently this
rregular structural element did not reduce the activity of
t
vither promoter (see Figs. 5C and 5D), possibly since
nitiation of transcription or replication through mobiliza-
ion of the 39 template sequence necessarily leads to
trand separation within the entire promoter structure.
he second problem encountered in ambisense bidirec-
ional transcription results from the presence of both viral
RNAs in the cell, which are complementary to each
ther over their entire lengths. These are translated only
n their 59 halves, and not in their 39 sections, which in
ither molecule consist of the second coding sequence,
n antisense orientation. The observed reduction in ex-
ression of the minority viral mRNA species, i.e., the one
ontrolled by the less active cRNA promoter, apparently
ndicates its titration through RNA double-strand forma-
ion. An attempt to get around this effect through inser-
ion of pairs of consensus splice signals in flanking
ositions relative to the mRNA antisense distal halves
as only partially successful, possibly because it re-
ulted locally in increased concentrations of both com-
lementary pre-mRNAs undergoing such splicing reac-
ions. Other means are currently being studied to solve
his problem and achieve higher rates of simultaneous
xpression of two genes from a single RNA segment, i.e.,
n ambisense covalent linkage to each other as is phys-
ologically the case for arenavirus LCMV. Divergent ex-
ression rates for the two genes under control of the
RNA and the vRNA promoter, respectively, would be an
dvantage in achieving a coordinate synthesis of all viral
ene products in the presence of an increased expres-
ion rate for the foreign gene, in stable recombinant
nfluenza viruses.
MATERIALS AND METHODS
lasmid constructions
The pHH21 cloning vector (Hoffmann, 1997; Hoffmann
t al., 2000) was used in constructing the various recom-
inant influenza cDNA templates designed to be tran-
cribed in vivo into influenza vRNA or cRNA molecules by
ellular RNA polymerase I. pHH21 includes the human
DNA core promoter region (2411 to 21) and the murine
erminator sequence (Neumann et al., 1995). Between
hese two elements, influenza cDNA constructs were
xactly incorporated through PCR fragment cloning in
ntisense or in sense orientation with reporter genes
hloramphenicol acetyl transferase (CAT) or green fluo-
escent protein (GFP) substituting for the influenza gene
oding sequence. Influenza promoter sequence variants
ere constructed by designing the 59 and the 39 flanking
CR primers accordingly with specific substitutions in
he promoter cDNA sequence. Thus, various PCR–CAT
ragments obtained after BsmBI cleavage in flanking
ositions were inserted into BsmBI-digested pHH21.
In most cases including reference plasmid pHL1844
he vRNA promoter carried three point mutations in the 39
iral promoter sequence (39-G 3# A, U 5# C, C 8# U: 39-
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409INFLUENZA cRNA PROMOTERUCAUCUUUGUUCCCCAU-59), as originally introduced
into plasmid pHL1104 (Neumann and Hobom, 1994).
Equivalently a large part of the cRNA promoter con-
structs carried three complementary substitutions in its
59 branch sequence (59-C 3 U, A 5 G, G 8 A).
All plasmid constructs have been verified either by
sequencing across the mutated flanking regions, while
the central region was exchanged for an authentic, i.e.,
non-PCR fragment, or by sequencing across the entire
CAT–DNA insert.
Ambisense constructions were done accordingly in
two steps instead of one for insertion of both CAT and
GFP in opposite directions to each other.
Cells and viruses
Influenza A/FPV/Bratislava (H7/N7) was propagated in
Madin–Darby canine kidney (MDCK) cells. Human 293T
cells were used for DNA transfection and consecutive
superinfection with FPV helpervirus. The resulting re-
combinant viruses were propagated for one or more
rounds on MDCK cells. 293T and MDCK cell lines were
cultured in Dulbecco’s modified Eagle’s Medium (DMEM;
Gibco/BRL), supplied with 10% fetal calf serum (FCS) and
PEN-STREP antibiotics.
Lipofectamine DNA transfection and influenza A
infection
293T cells which were used for transfection and
helper virus infection were hardly adherent to the cell
culture plates and therefore had to be handled with care.
Approximately 3.6 3 106 293T cells were transfected with
.5 mg of plasmid DNA. The DNA was added to 92 ml
serum-free DMEM medium, supplied with 8 ml Lipo-
ectamine plus reagent (Gibco/BRL). After 15 min of in-
ubation at room temperature, 6 ml Lipofectamine
(Gibco/BRL), diluted in 94 ml serum-free DMEM medium,
as added to that DNA mixture. After further incubation
or 15 min, the whole mixture was poured carefully over
he cells, which had been washed before with PBS. Five
ours later, the serum-free medium was replaced by
edium containing 10% FCS and the transfected cells
ere incubated for another 21 h. On the next day the
ells were washed with PBS1 (2.5 mM MgCl2 added) and
superinfected with FPV helper virus at a multiplicity of
infection of 1. The infected cells were washed after 60
min and incubated with medium containing 10% FCS for
12 h.
Passage of progeny virus
Approximately 3.6 3 106 MDCK cells were incubated
for 60 min with 1 ml of supernatant obtained from the
previous infection, which contained the progeny virus.
Thereafter, 4 ml of medium containing 10% FCS was
added to the cells, which were incubated for another 10 h
before harvesting.CAT assay
Cells were harvested after the infection period by
centrifugation, and cell lysates were prepared as de-
scribed by Gorman et al., 1982. Fifty microliters of the
undiluted or appropriately diluted cell lysate were mixed
with 10 ml acetyl-CoA (4 mM) and 8 ml fluorescent-
abeled chloramphenicol (boron dipyrromethane difluo-
ide-fluorophore; BODYBY CAM substrate, Flash CAT Kit,
tratagene) and incubated for 4 h at 37°C. The reaction
roducts were extracted by adding 500 ml ethyl acetate,
ollowed by mixing and phase separation for 5 min at
3,000 rpm. The upper phase (450 ml), which contains the
reaction products, was transferred into another tube and
vacuum dried. The pellet was resolved in 20 ml ethyl
cetate and placed on a thin-layer chromatography plate
TLC plate) to separate the reaction products using a
olvent mixture of chloroform and methanol (174:26). The
eaction products were finally visualized by UV illumina-
ion and quantitatively evaluated using the WinCam sys-
em (Cybertech, Berlin, Germany). Ratios of activity have
een calculated for individual promoter variants relative
o vRNA promoter reference construct pHL1844, as ob-
erved in appropriately diluted cell lysates used in as-
ays with less than 30 to 50% product formation, while
he reactions presented in the figures employ 50 ml of
ell lysates throughout for better overall comparison.
ACE determination of the 59 ends of viral mRNA and
RNA molecules
RNA was isolated from infected cells using the
Neasy Mini Kit (Qiagen) according to the manufactur-
r’s introduction. Five micrograms of total RNA or oli-
o(dT)-adsorbed mRNA was incubated at 70°C for 10
in, cooled on ice, and added to the reverse transcrip-
ase reaction mixture (5 ml 103 RT buffer; 50 U Moloney
urine leukemia virus reverse transcriptase (Strat-
gene), 10 mM each of the dNTPs, 28 U RNasin (Pro-
ega), 100 mM primer oligonucleotide CAT-II (59-CATCG-
CAGTTACTGTTGTAA-39) or instead of dT-oligonucleotide
XhoI/SalI-T21 (59-ATACTCGAGTCGACTTTTTTTTTTTTTT-
TTTTTTT-39)), and brought up to a final volume of 50 ml
with H2O. The RT reaction (15 min: 42°C; 45 min: 37°C; 5
min: 95°C) was followed by a purification step to get rid
of the unused primer and dNTPs. For the consecutive
dG-tailing reaction, the purified reaction mixture (50 ml)
was added to 13 ml of 53 tailing buffer, 15 U terminal
eoxynucleotide transferase (TdT, Gibco/BRL), and 10
M GTP within a total reaction volume of 65 ml. The
ixture was incubated for 30 min at 37°C before the TdT
nzyme was inactivated for 10 min at 75°C.
The dG-tailed reverse transcription products (20–35
ml) were amplified using a BglII/BclI-dC12 oligonucleo-
tide primer (59-GAAGATCTGATCAGGATC12-39) together
with CAT specific antisense primer CAT-III (59-CGGTG-
TAAGGGTGAA-39). In a second step of an altogether
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410 AZZEH, FLICK, AND HOBOMhalf-nested PCR amplification a more proximal CAT spe-
cific antisense primer CAT-VI (59-AATAGAATTCAGCAT-
TCATCAGGCGGGC-39) was used together with the dC12
anchor primer (59-CCATCGATGAAGATCTGATCAGGAT-
C12-39). The PCR reaction products were purified using a
CR purification kit (Qiagen). The resulting DNA frag-
ent was isolated from a 0.8% PAA gel, cut with EcoRI/
amHI, and cloned into a pBSK standard plasmid. The
lones obtained in this way were finally sequenced for
etermination of the cRNA and corresponding species of
RNA 59 ends.
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